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Virus assemblyRhesus monkey rhadinovirus (RRV) is highly related to Kaposi's sarcoma-associated herpesvirus (KSHV), a
human γ-herpesvirus etiologically-linked with several cancers. Glycoprotein B (gB) homologues are encoded
by all herpesviruses and play a role in virus attachment, entry, and in egress. We have found that RRV gB, like
KSHV gB, is cleaved at a consensus furin cleavage site and is modiﬁed by both N-linked and O-linked
glycosylation. Mutagenesis of three tyrosine- based trafﬁcking motifs, a diacidic tyrosine motif, and a di-
lucine motif in the cytoplasmic region revealed a role for these sequences in both ER export and endocytosis
from the plasma membrane. These experiments provide a basis for further experiments looking at gB
incorporation and role in γ-herpesvirus assembly and egress.
© 2009 Elsevier Inc. All rights reserved.Introduction
Rhesus monkey rhadinovirus (RRV) is a γ2-herpesvirus with high
genomic homology to Kaposi's sarcoma-associated herpesvirus
(KSHV), an important human pathogen (Desrosiers et al., 1997;
Searles et al., 1999). Unlike KSHV, RRV can be grown to high lytic titer
without induction by drugs or over expression of the viral lytic switch
protein and thus, represents an attractive model system for looking at
viral particle assembly and egress. The RRV particle contains at least
33 viral proteins, including 9 envelope proteins, and how they are all
brought to a location within the cell where they can assemble is an
interesting question in cellular cargo trafﬁcking (O'Connor et al.,
2003). To approach this question and to begin elucidating how RRV
and KSHV particles are assembled, we have started characterization of
one of the envelope proteins, glycoprotein B (gB).
Rhadinoviruses related to RRV have been isolated from at least
three different species of Old World monkeys, Macaca mulatta (Mm,
common rhesus macaque),Macaca fasicularis, andMacaca nemestrina
(Auerbach et al., 2000; Rose et al., 1997). Comparison of the gB
sequences from multiple isolates demonstrated close interspecies
conservation, but greater intraspecies divergence (Auerbach et al.,
2000). As compared with KSHV gB protein (ABD28851), the RRV).
ll rights reserved.Mm26–95 gB protein (AAF59985) is slightly smaller at 829 residues,
as compared with 846 amino acids. Both proteins contain signal
sequences at their N-termini and a single membrane-spanning region.
They are 65.9% identical and 85.9% similar, with much of the identity
mapping to the cytoplasmic region, thus making RRV Mm26–95 a
reasonable model for exploration of the importance of cytoplasmic
motifs in the gB proteins of the γ-herpesviruses.
Herpesvirus entry into cells is a complex, multi-step process
requiring the interaction of multiple viral glycoproteins with cell
surface receptors (comprehensively reviewed recently by Heldwein
and Krummenacher (2008)). These interactions lead to a sequential
tethering of virus to the surface of cells followed by a fusion event,
typically at the cell surface, but in some instances following
endocytosis (Akula et al., 2003; Nicola et al., 2003). Homologues of
gB are found in all of the herpesviruses and play a critical role, along
with gH and gL, in mediating the fusion response (Heldwein and
Krummenacher, 2008). In the case of KSHV, gB as well as the viral
K8.1A protein can also play a role in tethering of the particle through
associations with cell surface proteoglycans (Akula et al., 2001;
Birkmann et al., 2001; Wang et al., 2001). KSHV gB reportedly binds
integrin α3β1 (CD49c/CD29) through an RGD (Arg-Gly-Asp) motif
(Wang et al., 2003). However, a more recent publication questions
this binding as α3β1 typically binds laminin in a non-RGD fashion
(Garrigues et al., 2008). This same publication shows KSHV usage of
αVβ3, a cononical RGDmotif-binding integrin. Unlike the homologous
KSHV gB, RRV gB lacks an RGD motif, interestingly, however, an RGD
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thus far, have been published looking at the role of RRV gB in viral
entry. Because of the conservation of this protein amongst different
herpesviruses, it is most likely playing an important role in the fusion
event and possibly in tethering of the virus to susceptible cells.
Another potential role for RRV gB comes from studies of
herpesvirus particle assembly. Like herpes entry into cells, viral
particle egress is a complicated, multi-step process. The viral
nucleocapsid is assembled around the genome in the nucleus of
infected cells followed by budding of the assembling particle into the
space between the inner and outer nuclear membranes through
poorly understood mechanisms (Skepper et al., 2001). During
budding into this space, herpes simplex virus has been shown to
acquire a number of glycoproteins, including gB that allows for escape
of the particle from the perinuclear space through glycoprotein-
mediated fusion with the outer nuclear membrane (Farnsworth et al.,
2007). Experiments utilizing gB-deleted KSHV have shown that gB is
necessary for viral egress from the cell, but viral particles were found
in the cytoplasm, indicating that either KSHV nucleocapsid escape
from the nucleus is not dependent on gB, or gH can also be utilized at
this step (Farnsworth et al., 2007; Krishnan et al., 2005). In other
experiments, silencing of gB expression with siRNA in the primary
effusion lymphoma cell line BCBL-1 suppressed viral release into the
supernatant (Subramanian et al., 2008). Re-expression of codon-
altered, wild-type gB, not subject to siRNA suppression, resulted inFig. 1. The amino acid sequence of RRV 26–95 gB and mutations created for this study. (A) O
strain of RRV. The entire open reading frame was sequenced and then translated using th
sequence at the amino termini (dark grey box), a membrane spanning domain (open box
cleavage site (light grey box). Additionally, cysteines, potentially playing a role in disulphi
cytoplasmic tails revealed a high degree of amino acid identity (shown in bold) and similari
starting at residues 753, 800 and 814, of which two were conserved in KSHV. Additionally, bo
of these four motifs of RRV gB were mutated, as indicated and described in the text. A further
of a tyrosine-based endocytosis motif, as controls. Finally, aspartic acid residues located atincreased viral release. Interestingly, a version of gB lacking the entire
cytoplasmic domain not only rescues particle release, but increases it
with respect to wild-type gB. Together, the results in these papers
suggest that there are domains within the cytoplasmic tail of gB that
are inhibitory to viral assembly or egress at a post-nuclear step,
perhaps through altered targeting.
In thismanuscript, we show evidence that the RRV gB, like KSHV, is
incorporated into the virus following cleavage at a consensus furin
protease cleavage site (Baghian et al., 2000). Further, we demonstrate
that like KSHV, RRV gB is modiﬁed by both N-linked and O-linked
glycosylation (Baghian et al., 2000). Finally, through mutagenesis, we
demonstrate that the di-lucine and tyrosine-based trafﬁcking motifs
located in the cytoplasmic tail of gB regulate ER export, processing and
retrieval from the cell surface. Together, these results demonstrate the
utility of using RRV for the study of KSHV and begin to illuminate the
molecular mechanisms of RRV particle assembly.
Results
Ampliﬁcation and cloning of RRV26–95 Orf8
Our characterization of the gB protein began with the cloning of
the orf8 gene from the M. mulatta-derived RRV strain Mm26–95
(genbank accession no.: AF210726) (Alexander et al., 2000). Semi-
conﬂuent cultures of primary rhesus ﬁbroblasts were infected withrf8 sequences were ampliﬁed from DNA harvested 2 days post-infection with the 26–95
e MacVector software package. Examination of the putative protein revealed a signal
), 12 potential N-linked glycosylation sites (bold, underlined), and a consensus furin
de bond formation, are shown in grey circles. (B) Alignment of the RRV and KSHV gB
ty (shown in italics). Three tyrosine-based endocytosis motifs were detected in RRV gB,
th RRV and KSHV contained a di-lucine motif at residues 774–775. The residues in each
set of mutations was introduced into a tyrosine residue located at 825, which is not part
755 and 757, within the Y753 endocytosis motif, were also mutagenized to alanine.
235S.M. Lang, R.E. Means / Virology 398 (2010) 233–242RRV26–95 and harvested 2 days post-infection. DNA was puriﬁed and
used as a template for ampliﬁcation of orf8 using primers derived
from the published sequence of this strain. The resulting PCR product
was cloned into the pEF-1/V5-His expression vector and obtained
clones were sequenced in their entirety. Comparison of the resulting
sequences with the published full-length sequence of this strain
revealed 17 silent third base pair differences and 4 that caused amino
acid exchanges. All of the clones contained these changes, suggesting
that these were not the result of errors introduced during PCR
ampliﬁcation. Further analysis of the clone sequences by BLAST search
revealed 100% amino acid identity with the RRV26–95 orf8 sequence
published by Auerbach et al. (2000), suggesting that the original
sequence deposited in genbank might be derived from a minor
population within the RRV26–95 stock. Our clone of the RRV26–95
orf8, like the Auerbach et al. sequence, codes for an 829 a.a. protein
with 12 putative N-linked glycosylation sites (Fig. 1A). Computer
analysis predicts a type I membrane protein with its single
transmembrane domain encoded by residues 717–738. The cytoplas-
mic region of this protein contains four potential tyrosine-based
endocytosis motifs (TBEM) and a single di-lucine motif (LL) (Fig. 1B).
In addition to these potential trafﬁcking motifs, a consensus furin
cleavage site (R-x-(K/R)-R) was observed between residues 426–429.RRV gB is found in cleaved form in the viral particle
The presence of a furin cleavage site in gB caused us to investigate
the form of gB found in the RRV particle. Thirty T180 ﬂasks of sub-
conﬂuent primary rhesus ﬁbroblasts were infected with RRV26–95,
supernatants were harvested at ∼7 days post-infection and virus
puriﬁed by a combination of ﬁltration, ultracentrifugation and size-
exclusion chromatography. Viral proteins were separated by SDS-
PAGE and silver-stained (Fig. 2). As a ﬁrst test of viral protein content,
the top eight bands, as determined by densitometry, were cut from
the gel and submitted for mass spectroscopy identiﬁcation. From a
total of 113 unique peptides identiﬁed in these bands a total of 17 viral
proteins were identiﬁed as constituents of the particle, including gH,
gL and gM (unpublished data, S. M. Lang). Only three of the submitted
bands, as indicated in Fig. 2, showed peptides speciﬁc for gB. A total ofFig. 2. RRV gB is incorporated into the particle in a cleaved form. RRV particles were puriﬁed
PAGE. The inset panel on the left shows the silver-staining pattern and bands migrating at ap
one peptide identiﬁed in the 110 kDa band is shown in bold in the amino acid sequence on the
peptides in the 55-kDa band are underlined, note that one peptide was found in both the 11
cleavage site is shown in an open box.22 peptides representing 9 unique sequences within gB were
observed, with only one peptide found in the approximately
110 kDa, slowest migrating band (Fig. 2 and Table 1). The remainder
of the peptides were split between the 70 kDa and 55 kDa bands.
These molecular weights match well with the predicted sizes of the
amino- and carboxy-terminal fragments formed by cleavage at the
potential furin cleavage site. Indeed, when the peptides were mapped
onto the full-length sequence, all of the peptides found in the rapidly
migrating band were C-terminal from the putative furin cleavage site
while all of the peptides in the 70 kDa bandmapped N-terminal to the
cleavage site (Fig. 2 and Table 1). The abundance of peptides in the
faster migrating bands, reﬂecting higher abundance in the original
sample, and location of these peptides predict that gB is incorporated
into the viral particle primarily in its cleaved form, but like KSHV,
some uncleaved gB is potentially incorporated (Baghian et al., 2000).The C- and N-terminal fragments of gB are associated through
disulﬁde bonds
Since both fragments of gB are found in the puriﬁed viral particle
and only the N-terminal portion contains a membrane spanning
domain, they must be associated to retain the C-terminal portion of
the protein on the virus. Several other gB proteins have been
demonstrated to form extensive disulﬁde linkages through mass
spectroscopy and mutagenesis studies (Chapsal and Pereira, 1988;
Laquerre et al., 1998; Lopper and Compton, 2002; Norais et al.,
1996). Based on the localization of the cysteine residues in RRV gB
compared with the gB proteins of CMV or HSV-2, we would expect
there to be at least two disulﬁde bonds formed between the N- and
C-terminal fragments of the protein. To determine experimentally
whether or not the RRV gB also retained the C-terminal portion of
the protein by formation of disulﬁde bonds, V5-His tagged RRV gB or
empty vector were transiently transfected in 293 T cells, followed by
lysis in either RIPA or NP-40 buffer and heating in the presence or
absence of β-mercaptoethanol to reduce disulﬁde bonding. Samples
were then subjected to SDS-PAGE and western blot analysis with an
anti-V5 antibody. Under non-reducing conditions only a single
band was visualized, while reducing conditions resulted in twofrom infected rhesus ﬁbroblasts, as described in the text, and proteins separated by SDS-
proximately 110 kDa, 70 kDa and 55 kDa in which RRV gB peptides were identiﬁed. The
right. Peptides in the 70-kDa band are shown in italics surrounded by grey boxes, while
0 kDa and 55 kDa bands and is shown both in bold and underlined. The putative furin
Table 1
Listing of peptides identiﬁed by mass spectroscopy.
Band Peptide seq. No.
110 kDa 677DLSEIVADLGDVGR 1
70 kDa 88THQEGILMVFK 1
159VNVNGIVNTYTDR 1
298VFADSGEYTVSWK 4






236 S.M. Lang, R.E. Means / Virology 398 (2010) 233–242bands (Fig. 3A). As depicted schematically in Fig. 3A, the V5 tag used
for protein detection is located at the carboxy-terminus, and so
would be present only in the full-length gB protein, or in the C-
terminal cleavage product, but not in the N-terminal cleavage
product. Based on molecular weight, we hypothesize that the slower
migrating form in the reducing lanes represents full-length,
immature, non-cleaved gB, while the more rapidly migrating form
is the C-terminal portion of the protein. These results demonstrate
that the two gB fragments found in the viral particle are most likely
associated through disulﬁde bonding.
Mutation of the gB putative furin cleavage site abrogates processing
To further characterize RRV gB processing and each of the
fragments, we next mutagenized the putative furin cleavage site
(425RVRRSV), introducing alanines in place of the three arginine
residues, creating the Δfurin mutant. The Δfurin-expressing vector,
along with empty and wild-type gB expressing vectors wereFig. 3. Characterization of the RRV gB cleavage products. (A) The 293T cell line was transfecte
At approximately 48 h p.t., cells were harvested, lysed in either NP-40 or RIPA buffer, clariﬁe
5 min. under non-reducing conditions, while the other was heated in the presence of 5%
subjected to Western blot with an anti-V5 antibody. ⁎=non-speciﬁc band. (B) Approximat
Δfurin mutant (ΔF), 293T cells were labeled with 35S-cysteine and methionine for 12 h. C
followed by heating under reducing conditions before proteins were separated by SDS-PAGE
Forms I, II, III and IV, as indicated.transfected into 293T cells. Two days post-transfection, proteins
were radioactively labeled by incubation with 35S-cysteine and
methionine, cells were lysed, and subjected to pull-down with an
anti-His tag antibody. Immunoprecipitates were heated under
reducing conditions and subjected to SDS-PAGE followed by autora-
diography. For wild-type gB, a total of four major bands were
observed with the two fastest migrating at the rates expected for the
N- and C-terminal fragments, respectively (Fig. 3B bands III and IV).
These same bands were absent in the lane containing the Δfurin
protein. However, the two slowly migrating products seen in the
wild-type gB lane, bands I and II, were also present in the Δfurin
mutant lane with an increase in band I. This suggests that these two
upper bands represent full-length, uncleaved forms of the gB protein,
with band II representing an immature form that is incompetent for
cleavage and band I being the mature, cleavable form.
RRV gB is modiﬁed by both N- and O-linked glycosylation
After radioactive labeling of the gB protein we observed that the
N-terminal fragment ran as a diffuse band (Fig. 3B). We hypothe-
sized, given the large number of putative N-linked glycosylation sites
within gB, that post-translational carbohydrate addition was
responsible for the lack of focus of this band. Further, we
hypothesized that the difference in molecular weight between the
two slowest migrating forms of gB was due to maturation of the
carbohydrate side chains as the protein exited the endoplasmic
reticulum (ER) and entered the Golgi apparatus. To test this we
transiently expressed RRV gB in 293T cells, radiolabeled and
immunoprecipitated, as described above. The precipitates were
then treated with either PNGaseF, an enzyme capable of removing
all N-linked glycans or EndoH, an enzyme capable of removing all
immature, but only a fraction of Golgi-processed N-linkedd with RRV gB containing a V5-His tag at the carboxy-termini (gB) or empty vector (V).
d and the lysates split into two equal portions. One portion was then heated to 95 °C for
β-mercaptoethanol. Proteins in both sets of lysates were separated by SDS-PAGE and
ely 36 h following transfection with either empty vector (V), wild-type gB (wt) or the
lariﬁed cell lysates were subjected to immunoprecipitation with an anti-V5 antibody
. Autoradiography of the resulting gel revealed four major bands in the wt lane labeled
237S.M. Lang, R.E. Means / Virology 398 (2010) 233–242carbohydrates. The proteins were then subjected to SDS-PAGE and
autoradiography. We expressed and treated KSHV gB, which is
known to posses N-linked glycans, under the same conditions as a
control. As shown in Fig. 4A, both glycosidase treatments caused a
shift in the apparent molecular weights of all four major bands for
both RRV gB and KSHV gB. The slowest migrating form (I, marked
with an ⁎) showed a much greater shift in migration following
PNGaseF digestion than after EndoH treatment, while the other high
molecular weight form shifted to a similar degree after treatment
with either enzyme. This supports the idea that Form I has exited
from the ER and entered into the Golgi, while the Form II is still ER
resident. The C-terminal fragment (IV) shifted migration distance to
almost the same degree with either treatment. This indicates that the
majority of carbohydrates on this fragment have either a high-
mannose or speciﬁc-hybrid structure. In contrast, the N-terminal
fragment (III, marked with an #) demonstrated a much smaller shift
following EndoH treatment, as compared with PNGaseF treatment,
indicating that any N-linked glycosylation structures are mostly
complex. Finally, while treatment with PNGaseF caused the Form II
and Form IV fragments of RRV gB to become slightly more focused,
the Form III fragment remained diffuse. This suggested that this
fragment contains a modiﬁcation other than N-linked glycosylation.
Analysis of the protein sequence revealed a high probability of O-
linked glycosylation in two regions, both located within the amino
terminal fragment. To conﬁrm the presence of O-linked carbohy-
drates, we next performed treatments of gB immunoprecipitates
with either PNGase F, O-glycosidase plus neuraminidase, or all three
enzymes. Analysis of these samples showed that as expected, Forms I
and III both shifted in migration following O-glycosidase digestion,
with an even greater shift when digested with enzymes removing
both N- and O-linked glycans (Fig. 4B). The diffuse nature of Form III
following treatment with all three enzymes suggests that the O-
linked glycans might contain additional modiﬁcations that are
making them resistant to digestion by O-glycosidase. Forms II and
IV did not demonstrate an alteration in molecular weight following
O-glycosidase treatment.
Taken in toto, these data suggest that RRV gB is modiﬁed by both
high-mannose and complex N- linked glycosylation, as well as O-
linked carbohydrate modiﬁcation. Further, comparison with KSHV gBFig. 4. RRV and KSHV gB are modiﬁed by both N-linked and O-linked glycosylation. (A) The 2
RRV or KSHV gB proteins. As described for Fig. 3B, proteins were 35S-labeled and immunopre
PNGase F or EndoH as indicated above each lane, according to themanufacturer's recommend
PAGE and autoradiography. Four major bands were visualized for both RRV and KSHV gB la
mobility of Form III is indicated by a #. (B) As described for panel A, 293T cells were transfec
Following precipitation proteins were treated with PNGase F alone, O-glycosidase plus sialida
the migration of Form I is indicated by an ⁎ and Form III by a #.indicates that the envelope molecules of both viruses contain very
similar patterns of carbohydrate addition.The cytoplasmic trafﬁcking motifs of gB are important to processing
The RRV26–95 gB glycoprotein contains three (Y/F)xxΦ endocy-
tosis motifs and a di-leucine motif, all sequences shown to be
important in protein trafﬁcking in other proteins (Favoreel, 2006;
Byland and Marsh, 2005). Two of these (Y/F)xxΦ motifs, located at
residues 753–756 and 814–817 and the di-leucine are conserved
between KSHV and RRV gB (Fig. 1B). To determine a role for these
motifs in processing, we introduced mutations into each as noted in
Fig. 1B. For each of the (Y/F)xxΦ motifs, the initial residue was
changed to an alanine to create the Y753A, F800A and Y814Amutants.
As controls, the initial residue was also mutated depending on the
wild-type residue to either a phenylalanine or tyrosine, to create the
Y753F, F800Y and Y814Fmutants. Thesemutantswould be expected to
maintain a wild-type phenotype based on the fact that either a
phenylalanine or tyrosine in this position is competent for mediating
endocytosis of other proteins.
Three additional mutants were constructed. The di-leucine residues
(774–775) were mutated to alanine to make the IL→AA mutant and
ﬁnally, as a control, a tyrosine residue that was not part of a consensus
(Y/F)xxΦ motif, located at 825, was mutated to either alanine or
phenylalanine to make the Y825A and Y825F mutants, respectively.
Following construction and sequence veriﬁcation of each of the
mutants, they were transfected into 293T cells, radiolabeled and
subjected to immunoprecipitation. Examination of the autoradio-
graphs demonstrated that three mutants in addition to the Δfurin
mutant blocked RRV gB processing (Fig. 5). The Y753A, F800A and
IL→AA mutants all lack bands corresponding to the N- and C-
terminal fragments, while the Y753F and F800Y control mutants
displayed processing that was similar to wild-type. Interestingly, the
three mutants lacking processing did not display an accumulation of
the slowly migrating band, as is seen with the Δfurin mutant. Indeed,
lanes containing these mutants contained even less detectable higher
molecular weight forms than wild-type, suggesting that these motifs
are important in ER egress.93T cell line was transfected with empty vector or vectors expressing either V5-tagged
cipitated with an anti-V5 antibody. Precipitated proteins were next treated with either
ation described inMaterials andmethods. Treated proteins were then subjected to SDS-
beled I, II, III and IV. The mobility of Form I in each lane is indicated by an ⁎ while the
ted with empty vector or gB expression vectors, 35S-labeled, and proteins precipitated.
se, or a combination of all three enzymes, as indicated above each lane. As with panel A,
Fig. 5. Mutations in the cytoplasmic trafﬁcking motifs alter RRV gB processing. 293T
cells were transfected with a panel of vectors expressing wild-type RRV gB (wt) or gB
containing mutations in the tyrosine-based trafﬁcking motifs, the di-lucine motif
(IL→AA) or the furin cleavage site (ΔF), as detailed in the text and indicated above each
lane. Approximately 36 h p.t., cells were labeled with 35S-methionine and cysteine for
12 h. Following labeling, cells were lysed and proteins precipitated with an anti-V5
antibody. The immunoprecipitates were subjected to SDS-PAGE and autoradiography.
238 S.M. Lang, R.E. Means / Virology 398 (2010) 233–242The Y814 motif of gB plays a role in cell surface endocytosis
Herpesvirus assembly and glycoprotein acquisition takes place on
intracellular membranes. The route that gB takes from the Golgi
apparatus to these membranes differs amongst the various herpes-
viruses. To determine whether RRV gB trafﬁcs to the plasma
membrane and whether the various cytoplasmic motifs play a role
in this trafﬁcking, we created an additional set of constructs. Since no
gB-speciﬁc sera was available and because antisera against the whole
virus might have differential reactivity with various gB mutants, we
introduced a Flag tag at the amino-termini of the wild-type and
mutant gB constructs. As shown in the inset in Fig. 6, the RRV gB signal
sequence was replaced with sequences encoding the CD8 signal
sequence followed by a Flag epitope tag. During the construction of
these mutants we created an additional construct. Examination of the
potential Y753xxΦ ER exit motif demonstrated aspartic acid residues
at positions 3 and 5 of the motif. Other studies have indicated that
these residues are critical for protein ER exit (Sevier et al., 2000). To
further examine the role of this motif in gB localization, we mutated
these two residues to alanine, creating the DD→AAmutants (Fig. 1B).
Flow cytometry analysis of 293T cells transfected with wild-type gB
showed markedly increased staining with an anti-ﬂag antibody as
compared with empty vector-transfected cells (Fig. 6B).Fig. 6. Cell surface expression of RRV gB is effected by mutations in both the trafﬁcking motifs
epitope tag into the extracellular portion of RRV gB. As shown pictographically, the gB sign
epitope tag. In the resulting construct, the signal sequence is removed, following expressio
stretch of sequence and the resulting amino acid sequence are shown below. (B) 293T cells
mutant gB with an amino terminal ﬂag tag. Cell surface RRV gB levels were assessed approx
secondary antibody and gating on GFP expressing cells by ﬂow cytometry. Histograms sho
(dotted line) compared in each case to staining of gB expressing cells (black line), with gB con
each mutant shown in panel B and normalized to the MCF seen in cells expressing wild-typ
deviation indicated.We next examined each of the mutants for surface expression. The
control mutations, Y753F, F800Y, Y814F, and Y825F, showed no
statistically signiﬁcant alteration in surface expression as compared
with wild-type gB. As expected, the Y753A, F800A, and IL→AA
mutants, which all demonstrated processing impairments, showed
dramatically lower levels of cell surface staining versus cells transfected
with wild-type gB, again suggesting that these motifs are important for
ER exit (Fig. 6B and C). The newly created DD→AA mutant also
demonstrated a signiﬁcantly lower cell surface expression compared to
wild-type. The Y814A mutant showed signiﬁcantly increased levels of
cell surface staining even though processing of this mutant resembled
wild- type. This suggests that this motif is important for endocytosis of
gB from the surface of expressing cells, presumably allowing for
internalization onto membranes important for viral assembly. Finally,
the Δfurin mutant resembled wild-type gB with respect to cell surface
expression, indicating that proteolytic cleavage is not required for
either export to the cell surface or endocytosis.
The Y814A mutant shows increased cell surface localization
To conﬁrm the data obtained by ﬂow cytometry, we next
examined localization of wild-type gB and each of the mutants by
immunoﬂuorescent microscopy. V5-tagged versions of each of the gB
constructs were transfected into A7 cells seeded onto slides and at
24 h post-transfection, cells were ﬁxed with paraformaldehyde and
permeabilized. Cells were next stained with antibodies against the V5
tag on gB and phosphodiester isomerase (PDI), a constituent of the ER,
along with appropriate ﬂuorescently labeled secondary antibodies.
Micrographs revealed strong ER staining for wild-type gB, with a high
degree of co-localization with PDI, and very little cell surface staining
(Fig. 7). Only the Y814A and Δfurin mutants demonstrated altered
localization, each of the other mutants also localized primarily to the
ER as exempliﬁed by the F800Amutant (Fig. 7 and data not shown). In
agreement with the ﬂow cytometry data, the Y814A gB mutant
showed increased cell surface localization. The Δfurin gB construct
stained in a more punctate pattern close to the nucleus, at least partly
overlapping with the ER, but possibly localized to the trans-Golgi or
degradatory organelles, such as the lysozomes.
Discussion
Although highly conserved in all of the subfamilies, the role of gB
in the γ-herpesviruses is less clear than for the α- or β-herpesviruses.
Epstein–Barr virus (EBV), a γ1-herpesvirus, has been shown to
incorporate only low levels of gB into the viral particle, while the γ-2
herpesvirus KSHV incorporates more robust levels (Baghian et al.,
2000; Johannsen et al., 2004).While one study indicated an absence of
gB in the murine herpesvirus-68 (MHV-68) particle (a γ-2 herpes-
virus), another has shown an important role for gB, interacting with
gH, in entering into either B lymphocytes or epithelial cells, thus
demonstrating a functional incorporation of gB into particles (Gillet
and Stevenson, 2007; Stewart et al., 1994). Two other studies from the
Stevenson and Sun groups have clearly demonstrated gB incorpora-
tion, suggesting that methodological problems with the original study
led to the conclusion that MHV-68 did not incorporate gB into the
particle (Bortz et al., 2007; Lopes et al., 2004). In this study we have
characterized the processing and function of putative trafﬁckingand the furin cleavage domain. (A) PCR-based mutagenesis was used to engineer a Flag
al sequence was replaced with sequences encoding the CD8 signal sequence and Flag
n resulting in a Flag tag at the amino termini. The primer used to PCR mutagenize this
were transfected with either empty pTracer vectors or vectors expressing wild-type or
imately 36 h p.t. by staining with a murine anti-ﬂag antibody followed by a PE-labeled
w mean channel ﬂorescence (MCF) along the X-axis of empty vector expressing cells
struct used indicated over each histogram. (C) The PE-channel MCFwas determined for
e gB. Each bar represents the average of three independent experiments, with standard
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Fig. 7. Localization of the Y814A mutant is altered. A7 melanoma cells were transfected with vectors expressing V5-tagged wild-type gB, the F800A, Y814A, or Δfurin mutants as
indicated along the left. One day p.t., cells were ﬁxed, permeabilized and stained with anti-PDI and anti-V5 antibodies, followed by Alexa 586- and Alexa 488-labeled secondary
antibodies. Cells were then examined for PDI (green) and gB (red) localization by ﬂorescent microscopy. The micrographs show representative images of cells.
240 S.M. Lang, R.E. Means / Virology 398 (2010) 233–242motifs found in the cytoplasmic tail of RRV Mm26–95 gB. Through
viral puriﬁcation and mass spectroscopy identiﬁcation of proteins, we
have shown that gB is incorporated into the RRV particle in both the
cleaved and uncleaved forms (Fig. 2 and Table 1).While our mass spec
data do not provide deep enough coverage to make conclusive
statements, the high percentage of peptides matching gB (∼20%)
suggests that RRV gB is robustly incorporated into the particle,
primarily in the cleaved form. This is in concordance with data for
KSHV, and suggests that RRV represents a good model for exploring
KSHV particle assembly and egress (Baghian et al., 2000).
In this study we have also demonstrated that RRV gB, like the
homologues encoded by other γ-herpesviruses including KSHV,
MHV-68, and EBV, is cleaved at a consensus furin cleavage site, RX
(R/K)RS located in RRV gB after amino acid 429 (Fig. 1) (Baghian et al.,
2000; Sorem and Longnecker, 2009; Stewart et al., 1994; Johannsen et
al., 2004). Mutation of the three consensus arginines to alanine
resulted in the loss of higher mobility cleaved forms and an
accumulation of a higher molecular weight form that is presumably
the fully glycosylated, uncleaved form of gB in radioactive immuno-
precipitation experiments (Figs. 3B and 4). Interestingly, this mutant
is still present on the cell surface at levels comparable to wild-type gB,
indicating that processing is not necessary for secretion or endocy-
tosis (Figs. 6A and B).
However, immunoﬂuorescence experiments indicate that follow-
ing endocytosis this mutant is relocalized to a compartment other
than the ER. Our experiments do not allow us tomake any conclusions
about the identity of this compartment, however, examination of
overall protein levels in radioactive-labeling experiments do not
demonstrate decreased stability as would be expected upon delivery
to a lysozome or aggresome.
Althoughmutations of the initial residue of the (Y/F)xxΦmotifs at
residues 753 and 800 to alanine and the di-lucine motif at residue 774
all abrogated cleavage like the Δfurin mutation, there was no
accumulation of the higher molecular weight band. Since furin
proteases are thought to reside in the trans-Golgi apparatus, wheremuch of the glycosylationmodiﬁcation occurs, this suggests that these
motifs are important to ER exit (Figs. 1 and 5). It is also possible that
these mutations are negatively affecting protein folding, leading to
retention in the ER by the unfolded protein response, althoughwe not
observe a change in protein stability. The (Y/F)xxΦmotifs have been
shown to play a variety of roles in other herpesvirus proteins
including basolateral sorting, ER to Golgi transport, and endocytosis
from the plasma membrane (partially reviewed in (Favoreel, 2006)).
Examination of the 753tyrosine motif revealed that it is embedded
within a diacidic motif (753YPDID). This same motif is found in
vesicular stomatitis virus (VSV) G protein (Nishimura and Balch,
1997; Nishimura et al., 1999; Sevier et al., 2000).
In VSV-G this motif plays a role both in export from the ER, through
interactions with COPII, but also plays a role in transport from the
trans-Golgi to the cell surface, through interactions with the δ subunit
of AP-3 (Nishimura et al., 1999; Nishimura et al., 2002). To further
investigate the role of this motif we have mutagenized the acidic
residues to alanine and ﬁnd that there is still a block to processing,
high molecular weight band accumulation and cell surface presenta-
tion, similar to the Y753Amutant (data not shown). This suggests that
RRV gB interacts with COPII for exit from the ER, but does not rule out
an additional role for export to the cell surface.
While we have identiﬁed three motifs important for ER export, we
only identiﬁed a single motif (814YKPL) important for endocytosis.
This is in keeping with the published literature for a number of other
herpesvirus gB homologues including HSV-1, HSV-2, VZV, and PRV
(Heineman and Hall, 2001; Fan et al., 2002; Beitia Ortiz de Zarate et al.,
2007; Van Minnebruggen et al., 2004). However, it should also be
pointed out that the experiments in this study were conducted in the
absence of the other viral proteins. It is possible that interactions with
these proteins would alter the relative importance of each of these
motifs for ER export. It is also possible that these motifs might have
additional roles in trafﬁcking molecule interactions in the presence of
replicating virus. For example, one or more of these molecules might
be important for trafﬁcking of gB to the nuclear membrane, or to
241S.M. Lang, R.E. Means / Virology 398 (2010) 233–242membranous viral factories created during replication. Finally, the cell
system that we used was not polarized. It is distinctly possible that, as
mentioned above, one or more of these motifs might be involved in
basolateral transport.
Conclusions
Assembly and egress of the herpesviruses is a complex process
bringing together a large number of viral and cellular proteins from
several locations within the cell prior to exit. This is accomplished
through multiple protein interactions and a variety of trafﬁcking
motifs encoded within the viral proteins. In this study we have
explored the role of four trafﬁcking motifs of RRVMm26–95 gB. These
studies pave the way for future experiments looking at these mutants
in the context of viral infection, examining their importance in viral
assembly and infectivity.
Materials and methods
Cell culture and transfection
The A7 melanoma cell line was grown in MEM containing 2% fetal
calf serum (FCS) and 10% newborn calf serum, while 293T and
telomerase immortalized Rhesus ﬁbroblasts (kind gift from Dr. Scott
Wong, Oregon Regional Primate Research Center, Beaverton, OR)
(Kirchoff et al., 2002) were grown in DMEM+10% FCS. The 293T and
rhesus ﬁbroblast cell lines were transfected using Transfectin (BioRad
Laboratories, Hercules, CA) according to the manufacturer's recom-
mendations. Fugene (Roche Applied Science, Indianapolis, IN)
transfection was used for introduction of expression plasmids into
the A7 cell line following the manufacturer's recommendations. For
metabolic labeling, cells were incubated over night with 3.5 μCi of
[35S]-methionine-cysteine (1,200 Ci/mmol; Perkin Elmer, Waltham,
MA) per cm2 culture in methionin/cystein free DMEM supplemented
with 5% dialyzed fetal bovine serum, glutamin, penicillin, strepto-
mycin, and 25 mM Hepes pH 7.3.
Large scale virus puriﬁcation and mass spectrometry
Procedures for large scale RRV puriﬁcation have been published
previously (Desrosiers et al., 1997). Brieﬂy, cells and debris were
removed by low-speed centrifugation following complete cell lysis.
The supernatant was then ﬁltered through a 0.45 μm ﬁlter to remove
any additional debris. The ﬁltered supernatant was centrifuged for 3 h
at 17,000 rpm in a Sorvall type 19 rotor to pellet virus. Resuspended
virus was then fractionated by Sepharose 4B column chromatography,
and eluted virus was used as a source of virion DNA for PCR
ampliﬁcation or a source of virion associated proteins. For mass
spectroscopy, virion associated proteins were separated by SDS page,
silver stained using the Silver Stain Plus Kit (BioRad, Hercules, CA) and
excised proteins were subjected to peptide sequencing at the Harvard
Taplin Mass Spectrometry facility.
Wild-type and mutant gB construction
Primary rhesus ﬁbroblasts were infected with RRV26–95 (kind
gift of Dr. R. C. Desrosiers, New England Regional Primate Research
Center, Southborough, MA) at an M.O.I. of 10 and harvested 2 days
post-infection. DNA was puriﬁed and used as a template for
ampliﬁcation of orf8 using primers (sense primer: 5′-AAAGAATTCGC-
CACCATGATGATAACTAACTAACCGG-3′; anti-sense primer: 5′-AATC-
TAGATTTGCTCATTTCATACCTTTGAGC-3′) which added EcoRI and
XbaI sites to the 5′ and 3′ ends, respectively. The resulting PCR
product was cloned into the pEF-1/V5-His expression vector
(Invitrogen, Carlsbad, CA) and sequenced in its entirety. The gB
mutants were all created by oligonucleotide splice overlap PCR, aspreviously described (Means et al., 2007). Brieﬂy, an overlapping set
of opposite orientation internal primers containing the desired
mutation were used for an initial round of PCR along with primers
at either the 3′ or 5′ end of gB, depending on the internal primer
used. The ﬁrst round PCR products were then “stitched” together to
create a full length, mutated product in a second round of PCR
containing only the initial PCR products without additional primers.
Finally, gB constructs with the gB signal sequence replaced by the
CD8 signal sequence and a Flag epitope tag encoded at the amino
terminus were created by PCR using a sense primer encoding the
new signal sequence and Flag tag (5′-GAATTCGCCACCATGGCCC-
TGCCCGTGACCGCCCTGCTGCTGCCCCTGGCCCTGCTGCTGCACGCC-
GCCCGCCCCGACTACAAGGACGACGACGACAAG-3′) and the original
anti-sense primer and cloned into the expression vector pTracer-
EF/V5 His A Subsequently, all gB mutants were introduced into
pTracer CD8-Flag gB wt by subcloning of mutant-containing
fragments from each pEF-1/V5-His clone into the newly-tagged gB.
Again, all constructs were sequence veriﬁed.
Immunoblots, immunoprecipitation and deglycosylation
293T cells were lysed in RIPA buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS in PBS) containing protease inhibitors
(Complete, Roche) or in NP40 buffer (0.5 % NP-40, 0.15 M NaCl
and 50 mM Hepes, pH 7.5) containing protease inhibitors and
insoluble components were removed from lysates by centrifugation
at 16,000×g at 4 °C for 15 min. Immunoprecipitations were
performed with 2 μg of anti-V5 antibody (Invitrogen, Carlsbad,
CA). Immune complexes were recovered by adsorption to protein A-
agarose (Santa Cruz Biotechnology, Santa Cruz, CA) and washed
three times with lysis buffer. For regular reducing conditions, 5% β-
mercaptoethanol was included in the SDS sample buffer, whereas
for non-reducing conditions SDS sample buffer without β-mercap-
toethanol was used. Immunoprecipitated proteins were separated
by SDS- polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to an Immobilon-P membrane ﬁlter (Millipore, Billerica,
MA) using a semidry unit (Bio-Rad). Membrane ﬁlters were then
blocked for 1 h with PBS, 0.05% Tween 20, 5% nonfat dry milk. Anti-
V5 antibody was diluted in blocking buffer according to the
manufacturer's recommendation (Invitrogen). Filters were incubat-
ed with the appropriate primary antibody for either 1 h at room
temperature or at 4 °C overnight. Subsequently, ﬁlters were washed
and incubated with horseradish peroxidase- conjugated antibody
for 45 min at room temperature. Proteins were detected by
enhanced chemiluminescence using a LAS 3000 camera (FujiFilm,
Stamford, CT). For PNGase F and Endo H treatments, immunopre-
cipitated samples were resuspended in denaturation buffer (5% SDS,
10% β-mercaptoethanol in PBS) and heated to 100 °C for 10 min.
After cooling on ice, samples for were brought up to (i) 0.05 M
sodium phosphate, pH 7.5, 10% NP-40, and 2000 U PNGase F (New
England Biolabs, Beverly, MA) were added, or (ii) 0.5 M sodium
citrate pH 5.5 and 2000 U of Endo H (New England Biolabs) were
added. Samples were then incubated for 1 h at 37 °C followed by
separation by SDS-PAGE. Radioactive protein gels were ﬁxed in 5%
acetic acid and analyzed by phosphorimaging (BAS 1800 II;
FujiFilm).
Confocal microscopy
A7 cells were seeded into Lab-Tek II 4-chamber slides (Nalge Nunc,
Rochester, NY) and transfected with the pEGFP-rfK3 construct using
Fugene 6 (Roche) according to the manufacturer's recommendations.
Approximately 24 h posttransfection, cells were washed three times
with PBS and then ﬁxed for 30 min with 4% paraformaldehyde (PFA).
Cells were permeabilized with 0.1% Triton X-100 and then stained
with an anti-PDI monoclonal antibody (Assay Designs/Stressgen, Ann
242 S.M. Lang, R.E. Means / Virology 398 (2010) 233–242Arbor, MI) followed by an Alexa594-conjugated anti-mouse antibody
(Molecular Probes, Eugene, OR). Slides were visualized using a
Radiance confocal system (Bio-Rad).
Flow cytometry
To dissociate 293T cells, monolayers were washed once with PBS/
EDTA (PBS containing 0.5 mM EDTA pH 8.0) and subsequently
incubated for 5 min in PBS/EDTA followed by resuspension. Cell
suspensions were ﬁltered through a 40-μm sieve into complete
DMEM containing 5% FBS. About 5×105 cells per sample were washed
with Flow buffer (PBS containing 0.5 % FBS, 0.05% sodium azide and
2 mM calcium chloride) and incubated with 0.5 μg of anti-Flag
antibody (M1, Sigma-Aldrich, St. Louis, MO) for 30 min on ice. After
washing with Flow buffer, cells were incubated with anti-mouse RPE-
conjugated goat F(ab')2 fragment (Dako, West Grove, PA) for an
additional 30 min on ice. After a ﬁnal wash in Flow buffer, cells were
ﬁxed with 3% paraformaldehyde solution in PBS and ﬂow cytometry
analysis was performed with a FACS Calibur (Becton Dickinson Co.,
Franklin Lakes, NJ).
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